Abstract:
INTRODUCTION
Cold-formed steel structural sections used in the walls of residential buildings and agricultural facilities are commonly C-shaped sections with web holes. These holes located in the web of sections can alter the elastic stiffness and the ultimate strength of a structural member [1] . The stud columns with holes tests were conducted [2 -8] and the type, location, and dimension of holes were taken into account. Stub column tests [2] demonstrated that the ultimate strength decreased as the diameter of circular hole increased relative to the web width. Similar conclusions have also been reported when the influence of circular, slotted, and rectangular web holes on stub column ultimate strength was studied [3 -5] . The impact of the location of the hole in the stub column and the length of the hole [6 -8] has also been studied. Based on these studies, the effect width method for the ultimate strength of members with holes was developed considering local buckling and yielding strength. This design method is used in North American cold-formed steel specification [9] . In recent years, the elastic buckling performance and Direct Strength Method (DSM) of columns with holes were studied by Moen and Schafer [10 -13] . The elastic buckling analysis of plate with holes under axial compression and bending [10] demonstrated that holes might create unique buckling modes, and could either decrease or increase a plate's critical elastic buckling stress depending on the hole's geometry and spacing. Based on the elastic buckling analysis of cold-formed steel columns and beams with holes [11] , the calculated methods for elastic global, distortional and local buckling strength of a cold-formed steel member with holes under axial compression and bending have been put forward. The short and intermediate length stud columns with holes tests were conducted [12] and the experiments showed that slotted web holes have a minimal influence on the tested ultimate strength in the specimens considered. Direct strength design methods for cold-formed columns and beams with holes have been reported [13] and incorporated in North American cold-formed steel specification [9] . These researches indicated that the web holes might modify the local and distortional elastic buckling half-wavelengths, change the critical elastic buckling strength, and decrease the ultimate strength and the post-peak ductility in some cases.
The test and finite element analysis of cold-formed steel columns with holes [14] demonstrated that the ultimate strength would decrease if the hole was in the range of effective width of the element. The equivalent modulus method was developed to predict the critical buckling stress of axially compressive columns with web and flange holes [15] . An equivalent volume method was proposed to consider the effect of holes based on the test and theoretical analysis [16] . While these researches did not develop a reasonable calculated method in consistent with Chinese cold-formed steel specification (GB50018-2002) [17] to predict the ultimate strength of cold-formed steel members with slotted holes. The aim of this experiment is to expand the existing columns data, especially for columns with multiple slotted web holes. The buckling mode and ultimate strength are analyzed using Finite Element Method. The proposed design method of the ultimate strength for specific cold-formed steel columns with multiple slotted web holes is put forward based on Chinese cold-formed steel specification.
EXPERIMENTAL SETUP AND SPECIMENS

Test Set-up
Twenty-six cold-formed steel lipped channel columns with and without slotted web holes were tested to failure. The overall view of axially-compressed columns tests arrangement is shown in Fig. (1) . -The column specimens bear directly to the steel plates to simulate the fixed-fixed support. The columns compression tests were performed with 200kN hydraulic jack testing machine. Near the 90% ultimate strength, the static load was paused for half minute and loaded again. This allowed the stress relaxation with the occurrence of the plastics. A data acquisition system was used to record the displacement and load during the tests. Displacement control was adopted to drive the hydraulic actuator a constant rate of 0.3 mm/min for the axially-compressed tests. Three displacement transducers were positioned at the flange and web to measure the distortional buckling and local buckling. One transducer was positioned at the top support plate to record the vertical displacement of specimen.
Hole Type and Locations
The four kinds of slotted web hole types Fig. (2) are selected to test for the axially compressed members, where the location of holes for the specimens with one row holes is at the mid-height of the columns, and the location of holes for the specimens with two rows holes is at the 1/3 and 2/3 height of the columns. The nominal length (L h ) and width (H h ) of the slotted hole are 25mm and 14mm and the nominal vertical (S 1 ) and transverse (S 2 ) distance of holes are 250 and 50mm. 
Section Dimensions
The dimensions and nomenclature for each specimen are presented in Fig. (3) , and the measured value was recorded at the 1/4 and 1/2 length points for every specimen, so there were three measurement locations for each specimen. The measured mean values for specimens are summarized in Table 1 . The inside bend radius of specimens is 2t, where t is the base thickness of members. The test specimens were labeled with characteristic information so that each column can be easily identified. For example, the label "AC-12-SH-1", where "AC" means axially-compressed member, "12" refers that the holes type is two holes in one row, "SH" means slotted hole, If a test was repeated, then a symbol of "1" was added which means different repeated group. 
Material Properties
Tension tests were carried out following the provisions of Metallic materials--Tensile testing--Part 1:
Method of test at room temperature (GB/T228.1-2010) [18] . Six tensile coupons were cut from two ends of a test member including the web flat and two flanges flat. A 200kN capacity testing machine was used for applying loading. The mean value of six coupons test results is calculated. The specimen yield stress, f y , is 295 MPa, the steel elastic modulus, E, is assumed as 2.072x10 5 Mpa, and the elongation of the specimens is 31.85%.
EXPERIMENTAL RESULTS
The failure modes of the specimens are depicted in Figs. (4-6) . All columns exhibit the local buckling of the web near the supports (Fig.4) , one distortional half-wave buckling along the length Fig. (5) , and the global flexural buckling Fig. (6) after the peak load.
The tested ultimate strength for all specimens and the average ultimate strength for each test group are provided in Table 2 . The comparison shows that there is a same influence on ultimate strength for specimens with one hole in one row and two holes in one column, as the reductions are 9.58% and 9.82%, respectively, However, the reductions up to 14.02% and 16.81% for the specimens with two holes in one row and four holes in two columns, respectively. These test results indicate that the slotted web holes have a significant influence on ultimate strength and the influence increases with the increase of transverse area of holes. 
FINITE ELEMENT ANALYSIS
Finite Element Model
The thin shell finite element non-linear analysis in ABAQUS was employed to simulate the experimental behavior of lipped channel compressed members with slotted web holes. At the two ends of the member, the fixed-fixed boundary condition was used. The material model was based directly on the coupon tests. The ideal elastic-plastic curve was used based on the experimental steel elastic modular and yield stress which were the average values of the test results for simplifying finite element analysis. Residual stresses, residual strains and cold-work of forming effects were not included in the finite element model.
The ABAQUS S9R5 thin shell element was adopted to model compressed members with web holes. The element aspect ratio was kept below 3:1 along the length direction. In the cross-section, 6, 24, 2, and 2 elements were used for the flange, web, lip, and corner, respectively. The ABAQUS solution control employed was the modified Riks method and the arc length method.
Imperfection sensitivity was considered in the finite element analysis. The magnitudes of the geometric imperfections adopted were L/750 according to Chinese cold-formed steel specification, where L is the length of member. The shape of the geometric imperfection was obtained from the first buckling mode shape of the finite element Eigen buckling analysis. The finite element model for specimen and the mesh of the slotted web holes are depicted in (Fig. 7). 
Elastic Buckling Analysis
The critical elastic local buckling strength (P crl ), distortional buckling strength (P crd ), and ultimate yield strength (P y ) are provided in Table 3 for compressed columns with different hole types and without hole. The nominal dimensions are used in the Eigen-value elastic buckling analysis. The comparison in Table 3 illustrates that the slotted web hole has a little influence on elastic local buckling strength for axially compressed columns, but the effect is not significant because the ratio of the width of hole to the width of web is 0.14 approximately. Because the local buckling occur mainly at the proximity of holes for members with larger cross-sectional area of holes as shown in Fig. (8) , the elastic buckling strengths of AC-12-SH and AC-22-SH are higher than AC-11-SH and AC-21-SH. However, the slotted web holes have a significant influence on elastic distortional buckling strength of axially compressed columns, especially for columns with wider web holes crosssectional area . The elastic distortional buckling strengths of AC-11-SH and AC-21-SH are higher than AC-12-SH and The first local buckling and distortional buckling shapes for axially-compressed columns with different hole types and without hole are compared in (Figs. 8 and 9 ). The comparisons in Figs. (8 and 9) illustrate that the web holes have no significant effect on elastic local and distortional buckling half-wave length when the ratio of the width of hole is very small for the axially compressed columns, but the deformation of cross section located at the holes of column is bigger than that of other cross sections. 
Failure Mode and Capacity
The buckling modes for the typical specimens obtained by the FEM are presented in Fig. (10) , which is agreed to the test failure modes depicted in Figs. (4 and 5) The local and distortional buckling can occur for the columns with slotted web holes. This observation suggests that the FE model can model the buckling mode of columns with slotted holes.
The ultimate compressed capacities (P ABA ) obtained from the FEM are compared with the experimental ultimate capacities (P t ) as shown in Table 4 for each specimen. The mean value of the FEM-to-experimental ultimate compressed capacities ratio is 1.0172 with the corresponding coefficient of variation of 0.015 for all compressed specimens. The comparisons of the ultimate capacities demonstrate that the ultimate compressed capacities obtained from the FEM are close to the experimental ultimate capacities and the FE model can also predict the ultimate compressed capacity. The load-compressed deformation curves for different holes analyzed using finite element method are illustrated in Fig. (11) , where the cross-sectional dimensions of columns are the nominal section dimensions. As shown in Fig. (11) , the holes have no effect on the stiffener of columns with slotted web holes because the local buckling occurs at the end of the column and the distortional buckling approaches near to the global flexural buckling. But the holes can decrease the load-carrying capacities.
Effect of the Multiple Holes
The Mises stress graph and load-compressed deformation curves of columns with different holes dimension are shown in Figs. (12 and 13) . The height of holes is 50mm and the total transverse width of holes is 50mm,but the space of holes is different. For example, as shown in Fig. (12a) , the width of holes is 10mm, the space of holes is 30mm because the total width of holes is 50mm. As shown in Fig. (12) , the distortional buckling occurs for all columns and the maximum stress occurs at the middle height. As shown in Fig. (13) , the width of single hole has less effect on ultimate strength if the total width of all transverse holes of column is same. So the ultimate strength of column with multiple transverse holes approximates to equal to the ultimate strength of column with single hole which has the same transverse width to the multiple holes. The multiple holes have a little effect on the stiffeness of column with slotted web holes. The wider the net width of whole holes is, the lower the stiffeness of axially-compressed column is. Fig. (11) . Load-compressed deformation curves for columns with different holes in nominal dimension. 
PROPOSED DESIGN METHOD
Comparison on Ultimate Capacity
Two calculated method are used to predict the ultimate capacity of each specimen and evaluate every design method: (1) The Chinese cold-formed steel specification GB5018-2002, (2) The North America cold-formed steel specification AISI-S100 (2016).
The ultimate capacities of every specimen calculated using Chinese cold-formed steel specification and North America cold-formed steel specification are provided in Table 4 , including ratios of predicted-to-test capacities of each specimen for two design methods, Where P CI and P C are the ultimate capacity predicted using Chinese cold-formed steel specification considering the interaction of the elements and without considering the interaction of the elements, P N is the calculated results using North America cold-formed steel specification.
The mean values of the ratios of calculated compressive capacities to test results P CI and P C obtained using Chinese specification considering the interaction of the elements and without considering the interaction of the elements are 1.0225 and 1.0663, respectively. The comparison results indicate that the current Chinese cold-formed steel specification is not safe to predict the ultimate capacity of column with slotted web holes because the code doesn't consider the effect of the holes. So the proposed method for predicting the ultimate capacity of compressed column with slotted web holes should be analyzed and put forward based on the Chinese cold-formed steel specification.
However the mean value of the ratios of calculated compressive capacities to test results using North America coldformed steel specification is 0.9466 with the corresponding coefficient of variation of 0.0321 for columns with holes. The comparison demonstrates that North America cold-formed steel specification takes into account the effect of slotted web holes and is conservative. Fig. (13) . Load-compressed deformation curves of columns with different width of single hole.
Proposed Design Method
The model proposal should be investigated based on the existing EWM in Chinese cold-formed steel specification in order to consider the reduction of capacity because of the influence of slotted web holes of axially compressed columns.
The effective width of the web with slotted holes proposed for Chinese cold-formed steel specification can be determined using Eq.1 based on Chinese cold-formed steel specification and calculated method for the effective width of the element with slotted holes in North America cold-formed steel specification when the compressive strength of columns with the slotted web holes are calculated.
(1)
Where b enh is the effective width of the web without considering the influence of the slotted holes, and b eh is the effective width of the web considering the influence of slotted holes. b enh is calculated using Eq.2 based on Chinese cold-formed steel specification. where b and t are the width and thickness of the element, respectively; α is a coefficient, and α=1. 15-0.15ψ , ψ is an uneven coefficient of the compression stress distribution (for axially-compressive members, ψ=1); b c is the compressive width of the plate; ρ is a calculating coefficient, k 1 is the interaction coefficient due to the adjacent element, k 1 equals to 1 when the interaction effect of plates is ignored, k is the stability coefficient of the element under compression, k equals 4 for the web of the axially compressed members when the influence of slotted holes is not considered.
b eh is estimated using Eq.2 based on Chinese cold-formed steel specification, but the plates adjacent to the slotted hole or multiple slotted holes are as the unstiffened strip and k of the unstiffened strip should be calculated using Eq.3 when the influence of slotted holes is considered [11] refer to the North America cold-formed steel specification.
(3)
Where L h and b u are the length of slotted hole and the width of unstiffened strip.
Meanwhile, the effective width of web with slotted holes should be less than the net section width of web as Eq.4.
(4)
Where b h is the total width of the slotted holes.
The ultimate capacities of each specimen calculated using proposed method are provided in Table (4), P S1 and P S2 are the ultimate capacity calculated using proposed method considering the interaction of the plates and without considering the interaction of the plates, respectively. The mean values of ratios of predicted results P S1 and P S2 using the proposed method to test results are 0.883 and 0.9277 with the corresponding coefficient of variation of 0.0545 and 0.0514, respectively. The comparisons indicate that the proposed method is conservative and can be used to calculate the ultimate capacity of the specific compressive column with slotted web holes studied in this paper.
